Introduction
============

Universally observed cognitive decline in the elderly due to the pathological ageing of the brain will have a significant impact on public health. Alzheimer's disease pathophysiology and cerebrovascular disease are the leading causes of age-related cognitive decline. The hallmarks of Alzheimer's disease are the presence of amyloid-β plaques and neurofibrillary tangles. The deposition of amyloid pathology in the brain and simultaneous progression of neurodegeneration are hypothesized to be the first change in the largely sequential pathological cascade of Alzheimer's disease ([@awu393-B23]; [@awu393-B25]). Cerebrovascular disease is the other most prevalent pathology that is associated with age-related cognitive decline ([@awu393-B27]; [@awu393-B61]). The hallmarks of cerebrovascular disease are the presence of microvascular changes (white matter hyperintensities) and macrovascular changes (subcortical and cortical infarcts). Although the underlying pathologies that cause white matter hyperintensities as seen on MRI have been shown to be heterogeneous based on imaging--pathology studies, the vast majority are believed to be vascular resulting from ischaemic and hypoxic changes ([@awu393-B66], [@awu393-B67]; [@awu393-B16]; [@awu393-B43]). The co-occurrence of both Alzheimer's disease pathophysiology and cerebrovascular disease is also a common pathological finding in the elderly ([@awu393-B28]; [@awu393-B61]; [@awu393-B75]). There is a suggested interrelationship between the presence of cerebrovascular disease and Alzheimer's disease pathophysiology because dementia due to these pathologies shares several of the same risk factors, which include diabetes, hypertension, stroke and cholesterol ([@awu393-B5]). There is also evidence that the presence of vascular risk factors may increase the risk of Alzheimer's disease ([@awu393-B29]; [@awu393-B72]; [@awu393-B8]) and subjects with Alzheimer's disease are at increased risk of cerebrovascular disease ([@awu393-B17]; [@awu393-B15]; [@awu393-B22]).

The primary goal of this study was to provide a biomarker driven model for the interrelationships between Alzheimer's disease pathophysiology, cerebrovascular disease, and cognitive decline in a population-based sample. A secondary goal was to understand the protective effect of cognitive reserve against the deleterious effects of Alzheimer's disease and cerebrovascular disease pathologies. We used a three step approach to investigate our goals ([Fig. 1](#awu393-F1){ref-type="fig"}): (i) Does the occurrence of one pathology influence the presence of the other? i.e. are they independent or co-dependent processes? (co-dependence is illustrated by arrow A in [Fig. 1](#awu393-F1){ref-type="fig"} and independence suggests the absence of arrow A); (ii) Is the overall effect of cerebrovascular disease and Alzheimer's disease on cognitive outcomes additive (sum of arrows B in [Fig. 1](#awu393-F1){ref-type="fig"}) or synergistic (arrow C in [Fig. 1](#awu393-F1){ref-type="fig"})? Synergistic effects of cerebrovascular disease and Alzheimer's disease, as suggested by [@awu393-B22], would mean that the impact of cerebrovascular disease and Alzheimer's disease on cognitive decline is worse through an interaction (arrow C in [Fig. 1](#awu393-F1){ref-type="fig"}) than the impact of either one added together (sum of arrows B); and (iii) To what extent does high versus low cognitive reserve protect against the deleterious effects of Alzheimer's disease pathophysiology and cerebrovascular disease pathologies (arrow D in [Fig. 1](#awu393-F1){ref-type="fig"}). We investigated these questions in cognitively normal subjects from the Mayo Clinic Study of Aging (MCSA); a population-based sample. We ascertained the presence or absence of significant Alzheimer's disease pathophysiology and cerebrovascular disease pathologies using imaging. We used PIB-PET (Pittsburgh compound B PET) as a surrogate for cerebral amyloidosis and FLAIR-MRI as a surrogate for cerebrovascular disease. Figure 1**Illustration of the interrelationships investigated.** We tested the following hypotheses: Arrow A investigates if the occurrence of one pathology influences the presence of the other (co-dependence is illustrated by the presence of arrow A and independence suggests the absence of arrow A). Arrow B indicates that the overall effect of cerebrovascular disease and Alzheimer's disease on cognitive outcomes is additive (sum of arrows B), and Arrow C indicates that the overall effect of cerebrovascular disease and Alzheimer's disease on cognitive outcomes is synergistic. Arrow D indicates the influence of high versus low cognitive reserve protect against the deleterious effects of Alzheimer's disease pathophysiology and cerebrovascular disease pathologies.

Materials and methods
=====================

Selection of participants
-------------------------

Study subjects were participants in the Mayo Clinic Study of Aging (MCSA), an epidemiological study of the prevalence, incidence, and risk factors for mild cognitive impairment (MCI) and dementia among Olmsted County residents aged 70-89. We included all 393 healthy elderly participants in the MCSA who had a baseline 3 T FLAIR-MRI assessment, Amyloid PET scan, intellectual enrichment variables, complete neuropsychological assessments, and at least one additional clinical follow-up with complete neuropsychological assessments. The MCSA uses the Rochester Epidemiology Project records---linkage system infrastructure ([@awu393-B65], [@awu393-B64]; [@awu393-B58]). Complete details of the MCSA study design have been published elsewhere ([@awu393-B56], [@awu393-B57]; [@awu393-B48]).

Standard protocol approvals, registrations and patient consents
---------------------------------------------------------------

The study was approved by the Mayo Clinic institutional review board and informed consent was obtained from all participants or their surrogates.

Imaging biomarkers
------------------

### Amyloid pathology assessment from PIB-PET scans

PIB-PET images were acquired with a PET/CT operating in 3D mode (septa removed). The complete details of PET acquisition were described previously ([@awu393-B38]). All PET quantitative image analysis including quality control were performed at the Mayo Clinic using the same fully automated image processing pipeline as described previously ([@awu393-B26]; [@awu393-B62]). A global cortical PIB-PET retention ratio was computed by calculating the median uptake over voxels in the prefrontal, orbitofrontal, parietal, temporal, anterior cingulate, and posterior cingulate/precuneus regions of interest for each subject and dividing this by the median uptake over voxels in the cerebellar grey matter region of interest of the atlas ([@awu393-B37]). We classified subjects as being on the amyloid pathway (A+ or Alzheimer's disease pathophysiology) if their global cortical PIB-PET value was ≥1.5.

### Vascular pathology assessment from FLAIR-MRI scans

FLAIR-MRI images were acquired with 3 T MRI scanners and the complete details of the acquisition can be found elsewhere ([@awu393-B30]). Brain infarcts were assessed by a trained image analyst (G.M.P.) and confirmed by a radiologist (K.K.) blinded to all clinical information. Subcortical infarcts included infarcts in white matter, deep grey matter nuclei, cerebellum, and brainstem not involving the hemispheric infarcts. Cortical infarcts were ≥1 cm in largest diameter. Intra-rater reliability of this assessment is excellent (proportion in agreement 0.98 for cortical and 0.94 for subcortical infarcts) ([@awu393-B31]). White matter hyperintensities on FLAIR images were segmented using an automated slice-based seed initialization and region growing methods as previously described ([@awu393-B52]). We used white matter hyperintensities divided by the total intracranial volume as a measure of white matter disease. We used total intracranial volume instead of brain volume or total white matter to exclude the effect of atrophy due to other neurodegenerative pathologies.

To facilitate the combination of white matter hyperintensities with infarcts to represent cerebrovascular disease as well as describe vascular disease in a manner parallel to amyloidosis, we estimated cut-off for the white matter hyperintensities/total intracranial volume per cent (WMH/TIV%) to combine it with infarcts. We made a simplistic assumption that while the effect of an infarct on cognition may vary based on size and location, it is well known that the presence of a large cortical infarct or a subcortical infarct represents cerebrovascular disease. We estimated the degree of white matter hyperintensity burden that needs to be combined with infarcts using an independent subsample of 1082 non-demented subjects (869 cognitively normal, 213 mild cognitive impairment) from the MCSA who had vascular gradings available but did not have amyloid imaging. We took the following two approaches:

\(i\) We estimated the degree of white matter hyperintensity burden based on pathological criteria by assuming that the percentage of non-demented subjects with vascular disease in our population is about 33% based on existing published autopsy studies with similar populations ([@awu393-B60]; [@awu393-B49]; [@awu393-B36]). We estimated that with WMH/TIV% cut-point of 1.11, the total percentage of subjects with a brain infarct and/or ≥ the estimated WMH/TIV% cut-off was 33%.

\(ii\) We also estimated the degree of white matter hyperintensity burden using a statistical approach. As it is generally considered that the presence of a large cortical infarct or a subcortical infarct represents cerebrovascular disease, we estimated what amount of WMH/TIV% would cause the same annual rate of cognitive decline as seen by an infarct and found the cut-off point of 1.11.

Arriving at the same cut point by both independent methods supports the use of 1.11 as a cut-off point. We classified subjects in this study as being on the vascular pathway (V+) if they had a brain infarct (cortical or subcortical infarcts) and/or WMH/TIV% ≥ 1.11. The extent and distribution of white matter hyperintensities intensities in two subjects at the WMH/TIV% cut--off point of 1.11 are shown in the Supplementary material.

Cognitive reserve variables
---------------------------

In our previous work we found that intellectual lifestyle measures significantly predicted cognitive performance; therefore we included these variables as surrogates of cognitive reserve in the model ([@awu393-B70]). The primary intellectual activity variables of interest, assessed at baseline, included: (i) education, job-level score based on the primary occupation throughout life; and (ii) current weekly cognitive activity over the last 12 months and mid-life weekly cognitive activity (ages 50--65) ([@awu393-B14]). These intellectual enrichment data were recorded for all subjects at the enrolment visit into the MCSA. Details about the questionnaires used for recording and consolidating each individual measure are provided in our previous work ([@awu393-B70]). Education/occupation score and mid/late-life cognitive activity: using principal components applied to these four measures (i.e. education, job-level score, current cognitive activity, and mid-life cognitive activity), we separated the uncorrelated components of early life non-leisure activity and mid/late-life cognitive activity. The first two principal components explained 84% of the variance, and after a varimax rotation the data consolidated into two distinct composite measures of intellectual enrichment: (i) education/occupation score (i.e. lifelong non-leisure intellectual learning) assessed from years of education and job score (weighted contribution for education was 0.690 and for job score was 0.725); and (ii) mid/late-life cognitive activity from a self-report of cognitive activities in the previous 12 months and at mid-life (50--60 years) (weighted contribution for mid-life was 0.707 and for previous 12 months cognitive activities was 0.701).

Global cognition measure
------------------------

The neuropsychological battery was constructed as previously described ([@awu393-B56], [@awu393-B57]; [@awu393-B48]). Four cognitive domains were assessed by nine tests: executive function (Trail Making Test: Part B, Wechsler Adult Intelligence Scale-R Digit Symbol); language (Boston Naming Test, category fluency); memory \[Wechsler Memory Scale (WMS)-R Logical Memory-II (delayed recall), WMS-R Visual Reproduction-II (delayed recall), Auditory Verbal Learning Test delayed recall\]; and visuospatial performance (WAIS-R Picture Completion, WAIS-R Block Design). Individual test scores were first converted to *z*-scores using the mean and standard deviation from the MCSA 2004 enrolment cohort that consisted of non-demented subjects (*n =*1969). A global cognitive summary score was estimated from the *z*-transformation of the average of the four domain *z*-scores and was used to assess cognitive impairment in our subjects. The baseline global *z*-score, and rate of decline, were the primary outcomes of interest. Of the 393 subjects in the study, 136 were test naive at the time of enrolment into this study and 257 subjects had previously completed the battery as part of an earlier study. Because of the influence of practice effects on the measured outcome variable ([@awu393-B13]; [@awu393-B10]; [@awu393-B39]), we controlled for the number of times the subject had the battery before receiving the MRI and PET scans using a variable named 'baseline visit number'. A total of 136 patients had a baseline visit number of 1 (i.e. the first time they took the test was at baseline of the study), 65 patients had a baseline visit number of 2 (i.e. tested once before baseline), 37 patients had a baseline visit number of 3 (i.e. tested twice before baseline), and 155 patients had a baseline visit number of 4 or more.

Statistical analysis
--------------------

When describing characteristics of the subjects, we categorized them as being on neither pathway (A−V−), vascular pathway only (A−V+), amyloid pathway only (A+V−), and vascular and amyloid pathway (A+V+). ANOVAs were performed to assess differences in continuous variables between groups whereas chi-squared tests were done to check for differences in proportions between groups for the categorical variables.

We performed two separate sets of analyses to investigate our aims. In the first set of analyses, we tested the independence of the cerebrovascular disease and Alzheimer's disease pathophysiology processes by testing the association of the presence or absence of Alzheimer's disease pathophysiology and cerebrovascular disease using a chi-square test of independence, and summarized using the odds ratio (OR) and *P*-value. We also investigated whether (i) the presence of cerebrovascular disease was associated with worse amyloid pathologies, i.e. A+V+ had worse amyloid load than A+V−, and whether A−V+ had worse amyloid load than A−V−; and (ii) the presence of Alzheimer's disease pathophysiology was associated with worse vascular disease, i.e. A+V+ had worse white matter hyperintensities/total intracranial volume load and brain infarctions than A−V+, and whether A+V− had worse white matter hyperintensities/total intracranial volume load than A−V−.

In the second set of analyses, we tested the effect of cerebrovascular disease and Alzheimer's disease pathophysiology on cognitive decline using linear mixed models fit by maximum likelihood. We examined demographic variables, cognitive reserve variables, and the presence or absence of Alzheimer's disease pathophysiology and cerebrovascular disease as predictors of global cognitive *z*-scores in the model. In these models, we also examined the coefficients that were associated with time from baseline (i.e. related to rate of cognitive decline). The initial model included baseline age (years), sex, *APOE* carrier status, time from baseline (years), the intellectual enrichment variables, baseline visit number, all two-way interactions of these variables, a three-way interaction of the intellectual enrichment variables with time, and a three-way interaction of Alzheimer's disease pathophysiology and cerebrovascular disease with time. The models were fit with random subject-specific intercepts and slopes. We tested for the statistical significance of these random terms using likelihood ratio tests. We also used likelihood ratio tests to compare independence (where the within-subject errors are independent) and continuous first-order autoregression. Both random terms were significant (*P* \< 0.0001). The models also incorporated the continuous first-order autoregressive AR(1) correlation structures (estimated correlation for values 1 year apart = 0.41, *P* \< 0.0001).

The three-way interactions were not significant, so we removed them from further consideration. We then used a backwards elimination procedure, respecting the need to retain nested terms, to remove predictors and to form the most parsimonious model. The final model contained baseline age (years), sex, time from baseline (years), baseline visit number, education/occupation score, being on the amyloid pathway, and being on the vascular pathway. The model also included three two-way interactions: baseline age with time from baseline, amyloid pathway with time, and vascular pathway with time. Significant interaction terms with time indicate that the variables are associated with the rate of cognitive decline. Both random intercepts (*P* \< 0.0001) and random slopes (*P* \< 0.0001) were deemed necessary.

Results
=======

The demographics, clinical, intellectual enrichment variables, and imaging biomarkers of the subjects included in this analysis are shown in [Table 1](#awu393-T1){ref-type="table"}. Among the demographic, intellectual lifestyle, and clinical variables only age, *APOE* ε4 status, and global cognitive *z*-scores were significantly different between the four groups (*P* \< 0.01). Subjects in the A+ groups were more likely to be APOE ε4 carriers and subjects with A+ and/or V+ were older than subjects in A−V−. Subjects in A+V+ had significantly lower global *z*-scores (*P* = 0.002) and were significantly more likely to progress to a diagnosis of mild cognitive impairment or dementia at follow-up (*P* = 0.003) compared to the other groups. Table 1Patient characteristicsA−V−A−V+A+V+A+V−*P*-valueNo. of subjects (%)178 (45)89 (23)45 (11)81 (21)No. of Females (%)85 (48)41 (46)19 (42)33 (41)0.73Age (years)76 (73, 81)78 (75, 83)82 (79, 83)78 (75, 81)\<0.001No. of ε4 carriers (%)34 (19)17 (19)15 (33)40 (49)\<0.001Education (years)13.5 (12, 16)14 (12, 16)13 (12, 16)14 (12, 16)0.48Short Test of mental status35.5 (34, 37)35 (34, 37)34 (32, 36)35 (33, 36)0.17Global z-score0.80 (0.19, 1.34)0.71 (0.24, 1.07)0.08 (−0.36, 0.59)0.64 (0.13, 1.26)0.002Job Score4 (3, 6)4 (3, 6)4 (3, 6)4 (3, 6)0.97Global cortical PIB1.33 (1.29, 1.38)1.34 (1.30, 1.38)1.93 (1.64, 2.22)1.86 (1.68, 2.11)Mid-life intellectual score21 (15.5, 27.5)20 (14.5, 28)21 (15.5, 27)21 (14, 24.5)0.84Late-life intellectual score23.5 (17.5, 30.5)23 (15, 30.5)23 (17.5, 30.5)21 (16, 28)0.35WMH/TIV %0.48 (0.36, 0.67)1.12 (0.59, 1.58)1.19 (0.87, 1.73)0.46 (0.35, 0.68)No. with cortical infarctions (%)011 (12)9 (20)0No. with subcortical infarctions (%)055 (62)21 (47)0Baseline visit number2 (1, 4)3 (1, 4)4 (3, 5)3 (1, 4)\<0.001Follow-up (years)2.7 (1.0, 7.7)2.8 (1.2, 6.7)2.7 (1.2, 6.9)2.7 (1.2, 6.6)0.49No of progressors to mild cognitive impairment/dementia (%)22 (12)14 (16)16 (36)14 (17)0.003

Testing independence of Alzheimer's disease pathophysiology and cerebrovascular disease processes
-------------------------------------------------------------------------------------------------

The odds ratio for the chi-square test of independence was 1.31 (*P* = 0.745) providing evidence that the occurrence of Alzheimer's disease pathophysiology and cerebrovascular disease are not dependent. The A+V+ subjects did not have worse amyloid than A+V− subjects (*P* = 0.26), and the A−V+ subjects did not have worse amyloid than A−V− subjects (*P* = 0.70). This finding suggests that the presence of vascular pathologies did not contribute to worse amyloid pathology. Similarly, A+V+ subjects did not have worse white matter hyperintensities/total intracranial volume (*P* = 0.28) or number of brain infarcts (*P* = 0.22) than A−V+ subjects, and A+V− subjects did not have worse white matter hyperintensities/total intracranial volume than A−V− subjects (*P* = 0.81). These findings suggest that the presence of amyloid pathologies did not contribute to worse vascular disease.

Effect of Alzheimer's disease pathophysiology, cerebrovascular disease and cognitive reserve on longitudinal cognitive decline
------------------------------------------------------------------------------------------------------------------------------

The results of the linear mixed effects models are presented in [Table 2](#awu393-T2){ref-type="table"}. Baseline global *z*-scores were lower in males, older subjects and those with lower education/occupation scores (*P* \< 0.001 for all). There was also evidence that subjects, on the amyloid pathway (A+) had slightly lower baseline global *z*-scores (*P* = 0.039). Subjects who had exposure to the neuropsychological battery before the baseline testing (practice effects discussed earlier) performed better (*P* \< 0.001). Table 2Parsimonious model, random subject-specific intercepts and slopesCoefficientStandard error*P*-value(Intercept)5.000.68\<0.0001Baseline age (years)−0.050.01\<0.0001Males−0.370.08\<0.0001Time (years)0.560.12\<0.0001Education/occupation score0.260.04\<0.0001Baseline visit number0.100.02\<0.0001Amyloid pathway−0.170.080.0386Vascular pathway−0.100.080.2223Baseline age × time−0.00730.0016\<0.0001Amyloid pathway × time−0.060.020.0003Vascular pathway × time−0.050.020.0037[^1]

Among all the intellectual enrichment and demographic variables tested for interaction with time, only older age at baseline visit (*P* \< 0.001), being on the vascular pathway (*P* = 0.0037), and being on the amyloid pathway (*P* = 0.0003) significantly predicted the rate of global cognitive decline subsequent to baseline. None of the other two-way interactions and three-way interactions were statistically significant. The interaction terms containing A+ and V+ together (i.e. being on the vascular pathway and amyloid pathway) were not significant. Our model therefore indicated that the effect of cerebrovascular disease and Alzheimer's disease pathophysiology on cognition and rate of cognitive decline was additive and there was no significant interaction between the effect of both pathologies on cognition.

The cognitive *z*-score trajectories for subjects on each of the pathways are illustrated in [Fig. 2](#awu393-F2){ref-type="fig"}. We separated the plot by sex because the baseline cognitive performance differed between these groups (intercept with the *y*-axis). For a 79-year-old subject (at the average age of the entire cohort), the predicted annual rate of global *z*-score decline was −0.02 if the subject were on neither pathway (A−V−), −0.07 if on vascular pathway only (A−V+), −0.08 if on amyloid pathway only (A+V−), and −0.13 if on both pathways (A+V+). Figure 2Decrease in predicted cognitive scores with pathway in female (A) and male (B) subjects.

To illustrate the effect of intellectual lifestyle variables, we separated the plots in [Fig. 2](#awu393-F2){ref-type="fig"} by high (75th percentile) versus low (25th percentile) values of education/occupation scores in [Fig. 3](#awu393-F3){ref-type="fig"}. The thicker lines indicate the subjects with high education/occupation scores (75th percentile) and thinner lines indicate the subjects with low high education/occupation scores (25th percentile). Because of the absence of interaction terms with the intellectual lifestyle variables, the only effect of intellectual lifestyle variables on cognition was to shift the baseline cognitive performance up or down (intercept on the *y*-axis). By drawing a horizontal line that corresponds to the baseline cognitive performance of a 79-year-old subject with low education/occupation score (at 0.44 for female and 0.07 for male); we were able to illustrate the relative contribution of intellectual lifestyle and Alzheimer's disease and cerebrovascular disease pathologies to cognitive performance. We found that the predicted cognitive score to decrease to the baseline score of a 79-year-old A−V− subject with low education/occupation of a 79-year-old A−V+ subject with high education/occupation would take 7 years, a 79-year-old A+V− subject with high education/occupation would take 5 years, and a 79-year-old A+V+ subject with high education/occupation would take 2 years. Figure 3Decrease in predicted cognitive scores with pathway stratified by subjects with high cognitive reserve (75th percentile of education/occupation scores) and low cognitive reserve (25th percentile of education/occupation scores).

Discussion
----------

The major conclusions of this population-based study of cognitively normal individuals are: (i) cerebrovascular disease and Alzheimer's disease pathophysiology were not predictive of each other (i.e. cerebrovascular disease and Alzheimer's disease pathophysiology seem to be independent processes); (ii) the effect of cerebrovascular disease and Alzheimer's disease pathophysiology on cognition and rate of cognitive decline was additive, and the magnitude of the effect on the rate of future cognitive decline was similar; and (iii) the protective effect of high cognitive reserve at baseline seems to offset the deleterious effect of both pathologies, not to alter the rate of cognitive decline.

### Independence of Alzheimer's disease pathophysiology and cerebrovascular disease processes

The first set of statistical analyses provided evidence that the presence of one pathological process does not influence the presence or absence of the other. The probability of Alzheimer's disease pathophysiology and cerebrovascular disease occurring together (0.11) is a product of probability of each process alone (= 0.32 × 0.34), which is a necessary condition to prove the independence of the processes. Several pathological studies have found that vascular risk factors may independently contribute to the risk of dementia but does not influence the degree of Alzheimer's disease pathophysiology ([@awu393-B47]; [@awu393-B2]; [@awu393-B73]; [@awu393-B1]; [@awu393-B11]; [@awu393-B33]). Biomarker studies have also shown poor correlation between vascular disease (white matter hyperintensities and/or brain infarcts) and amyloid load, further suggesting the independence of the two processes ([@awu393-B20]; [@awu393-B41], [@awu393-B42]; [@awu393-B18]). The combination of evidence with our work strongly suggests the non-existence of arrow A in [Fig. 1](#awu393-F1){ref-type="fig"} when the interrelationships between cerebrovascular disease and Alzheimer's disease pathophysiology are studied using neuropathological evidence at autopsy or using imaging as a surrogate of pathology.

### Additive effect of Alzheimer's disease pathophysiology and cerebrovascular disease on cognitive trajectories

Age is a major risk factor for both vascular ([@awu393-B32]) and amyloid ([@awu393-B3]) pathologies, and both pathologies are associated with poorer cognitive performance in cognitively normal controls. Although the effect of vascular disease, specifically white matter hyperintensities, is thought to be more strongly associated with executive function ([@awu393-B7]; [@awu393-B53]; [@awu393-B4]), amyloid pathology is thought to be more strongly associated with memory, these generalizations are overly simplistic ([@awu393-B54]; [@awu393-B50]; [@awu393-B19]). In this study we found that both pathologies significantly influence the global cognitive trajectories in elderly normal individuals. Based on the mixed effects model, we found that both A+ and V+ subjects had a significantly faster rate of decline compared to A−V− subjects, with A+ subjects starting out significantly lower than A−V− subjects. The classification of subjects as A+/A− and V+/V− allowed us to discern the independent and combined effects of Alzheimer's disease pathophysiology and cerebrovascular disease on cognition. The lack of interaction between Alzheimer's disease pathophysiology and cerebrovascular disease terms provided evidence for the additive effect (the existence of arrows B in [Fig. 1](#awu393-F1){ref-type="fig"}) and not a synergistic effect (arrow C) of Alzheimer's disease pathophysiology and cerebrovascular disease on cognition. In elderly subjects who are performing at a cognitively normal level, we found that the magnitude of the independent effect of each of these pathologies on annual rate of cognitive decline was similar (A+V− subjects had an annual decline of −0.08 and A−V+ subjects had an annual decline of −0.07). Another interesting finding was that once the effect of Alzheimer's disease pathophysiology and cerebrovascular disease on cognitive decline was removed, the annual rate of decline owing to typical aging processes or other unaccounted pathologies was only −0.02 per year compared to a total decline of −0.15 per year seen in subjects with both the pathologies. This suggests that cerebrovascular disease and Alzheimer's disease pathophysiology are two major drivers of cognitive decline in the elderly.

Our findings of an additive effect are consistent with cross-sectional biomarker studies that have suggested that the effect of both pathologies are additive on cognitive performance ([@awu393-B34], [@awu393-B33]; [@awu393-B35]; [@awu393-B41]). This additive effect explains why there is faster decline in those with both Alzheimer's disease pathophysiology and cerebrovascular disease pathologies ([@awu393-B9]) and why a lower degree of Alzheimer's disease pathophysiology is seen in cases with both Alzheimer's disease pathophysiology and cerebrovascular disease at the same level of cognitive performance ([@awu393-B55]). Therefore future analyses aimed at truly understanding the effect of Alzheimer's disease pathophysiology on cognition will need to account for the presence and severity of cerebrovascular disease because cerebrovascular disease worsens the clinical expression of Alzheimer's disease pathophysiology ([@awu393-B44]; [@awu393-B63]; [@awu393-B77]; [@awu393-B74]). A recent review by [@awu393-B6] suggests that this lowering of the threshold for dementia diagnosis due to cerebrovascular disease explains why some epidemiological studies find an association between vascular risk factors and Alzheimer's disease even though the two pathologies are not interactive.

### Protective effect of cognitive reserve

Cognitive reserve as measured by intellectual lifestyle, independently predicted baseline cognitive performance and did not influence the rate of cognitive decline. These findings are consistent with previous studies showing that cognitive reserve exerts a protective effect on cognition that is independent of the underlying pathology ([@awu393-B71], [@awu393-B70]; [@awu393-B76]). This translates into a parallel shift in the cognitive trajectories with cognitive reserve as illustrated in [Fig. 3](#awu393-F3){ref-type="fig"}. It was surprising to find that a 79-year-old at the 75th percentile of education/occupation and both cerebrovascular disease and Alzheimer's disease pathophysiology pathologies still performed better cognitively than a 79-year-old at the 25th percentile of education/occupation with neither pathology. These results support the conclusion that engaging in intellectually enriching lifestyles may delay the onset of cognitive decline. As shown in [Fig. 3](#awu393-F3){ref-type="fig"}, a 79-year-old person with higher education/occupation and amyloid pathology alone had better baseline cognitive performance than a 79-year-old person with lower education/occupation and no pathologies. It appears to take five additional years for the cognitive performance of the 79-year-old person with higher education/occupation and amyloid pathology to decline to the baseline cognitive performance of a 79-year-old person with lower education/occupation and no pathologies.

Among the demographic variables, older individuals and male subjects had lower baseline global *z*-scores. Additionally, age was significantly associated with future cognitive decline. Age is the strongest risk factor for cognitive decline. The finding that higher baseline age is associated with worse cognitive scores at baseline and faster cognitive decline is consistent with other studies ([@awu393-B45]; [@awu393-B21]; [@awu393-B59]). The fact that males have lower cognitive performance at baseline is consistent with the literature that males are at higher risk for MCI, particularly at younger ages ([@awu393-B57]). There is also evidence in the literature that there are sex differences in the cognitive performance in males and females due to neurodevelopmental factors ([@awu393-B68]; [@awu393-B69]; [@awu393-B51]).

Although the dichotomous approach used in this study may seem to be an oversimplification and investigating the study questions using continuous variables is desirable in the future, there were three main reasons for employing a dichotomous approach for classification of variables in this paper. First, there is no established methodology that is available to generate a single variable for vascular disease based on the continuous variables (i.e. combination of infarcts and white matter hyperintensities). Second, when studying the interrelationships between three sets of variables as in this study (Alzheimer's disease pathophysiology, cerebrovascular disease and cognitive decline), it is straightforward to estimate and interpret the cognitive outcomes in each of these groups instead of interpreting the effect of two separate continuous pathology variables on cognition. Finally, the latest diagnostic criteria for Alzheimer's disease (NIA-AA as well as International Working Group criteria) propose the incorporation of biomarker-based cut-offs for diagnosis ([@awu393-B24]; [@awu393-B12]). The fact that the field is moving towards the use of cut-off points for operationalization of biomarker-based diagnostic criteria supports the methodology used in this study.

The study has some limitations. First, the study results are pertinent to cognitively normal individuals and the interrelationships we investigated may be different in cognitively impaired individuals. Second, we used linear models that may or may not hold true over a 5-year period. Third, although practice effects were not a focus of this manuscript, our finding that greater past exposure to the cognitive tests resulted in better performance are consistent with the literature ([@awu393-B13]; [@awu393-B10]; [@awu393-B39]). Fourth, we do not have cerebral microbleed data in the majority of individuals in this study and therefore were unable to examine the possible role of vascular amyloid data in the context of this work. The study also has major strengths. First, the population-based nature of the sample makes the results of the study more generalizable and enhances their external validity. Non-representative samples such as the Alzheimer\'s Disease Neuroimaging Initiative, which excludes subjects with Hachinski score ≥4 or subjects with significant cerebrovascular disease on MRI, do not lend themselves to investigating the interrelationships between cerebrovascular disease and Alzheimer's disease pathophysiology. Second, the inclusion of cognitive reserve variables along with pathology variables allowed us to measure the beneficial effect of cognitive reserve against cognitive decline due to ongoing pathological processes.
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[^1]: From a mixed effects model that predicts longitudinal global cognitive *z*-scores with demographics and presence or absence of pathologies as predictors.
